An Escherichia coli O157:H7 subtyping method based on PCR amplification of variable DNA sequences between the repetitive element IS3 was developed. Template DNA was prepared by boiling cells in Chelex. Two separate IS3 PCR amplifications were performed for each isolate: one with a single primer (primer IS3A) and one with two primers (primers IS3A and IS3B). The IS3 PCR subtyping method was applied to 35 epidemiologically related and unrelated E. coli O157:H7 isolates that had been previously characterized by pulsed-field gel electrophoresis (PFGE). PFGE identified 25 different subtypes (difference of one or more bands). PCR with single primer IS3A and primer pair IS3A-IS3B identified 6 and 14 different subtypes, respectively. By combining the results of the two PCR amplifications, 15 different IS3 PCR subtypes were identified. While not as sensitive as PFGE, IS3 PCR subtyping grouped all outbreak-related isolates. IS3 PCR banding patterns were reproducible between amplifications and between subcultures. IS3 PCR could serve as a simple, rapid screening method for the identification of unrelated E. coli O157:H7 isolates.
Escherichia coli O157:H7 has recently emerged as an important cause of diarrhea and hemolytic-uremic syndrome. While the most common source of E. coli O157:H7 infections is ground beef (7), other sources have been reported, including whole cuts of beef (11) , lettuce (1), apple juice and cider (4) , lake water (9) , and secondary person-to-person transmission (3) .
Because of the clonal nature of E. coli O157:H7 isolates (18) , highly sensitive molecular biology-based subtyping methods are required to differentiate unrelated strains. Pulsed-field gel electrophoresis (PFGE) (2) and analysis of restriction fragment length polymorphisms with radiolabeled probes (13) are sensitive methods for distinguishing outbreak-related and nonoutbreak-related E. coli O157:H7 strains. In contrast to PFGE and restriction fragment length polymorphism procedures, the performance of which requires several days, PCR-based subtyping procedures are simple and can provide results from a pure culture in a single day. A number of PCR-based subtyping methods are based on the amplification of variable genomic DNA sequences located between repetitive sequences. Some repeat motifs that have been targeted for use in PCR-based subtyping methods include the repetitive extragenic palidrome (REP) and the enterobacterial repetitive intergenic consensus (ERIC) sequences (17) present in a variety of bacteria, the polymorphic GC-rich repetitive sequence and the insertion sequence IS6110 present in Mycobacterium tuberculosis (6, 12) , and IS1245 and IS1311 present in Mycobacterium avium (10) . In spite of their ease of use and potential versatility, PCRbased subtyping procedures have disadvantages, including the lack of interlaboratory standardization and insufficient sensitivity for the differentiation of unrelated strains of some microorganisms. One of our laboratories (State Hygienic Laboratory) was unable to distinguish epidemiologically unrelated strains of E. coli O157:H7 and Salmonella infantis when targeting the ERIC sequence (unpublished results).
Natural populations of E. coli harbor several different insertion sequence (IS) classes, including IS3. IS3 was found to be significantly associated with E. coli strains from animals (14) . Most E. coli strains possess up to seven copies of IS3, located on the chromosome and plasmids (8, 14) . ISs, because of their mobile nature, have been shown to be useful targets for PCRbased subtyping methods. This study describes the development and evaluation of a rapid IS3-based PCR method for the subtyping of E. coli O157:H7. Previously described primers targeted to the ends of IS3 (5) were modified to amplify DNA fragments between copies of IS3, and PCR amplification conditions were optimized to generate reproducible DNA banding patterns useful for discriminating between E. coli O157:H7 isolates.
MATERIALS AND METHODS
Bacterial strains. Thirty-five E. coli O157:H7 isolates of known PFGE subtype were obtained from the collection of one of us (T. J. Barrett) at the Centers for Disease Control and Prevention (CDC). The sources of the isolates and the PFGE results are summarized in Table 1 . PFGE was performed as described previously (2) . Agarose-embedded DNA was digested with XbaI followed by separation with a CHEF DR-II or CHEF Mapper system (Bio-Rad Laboratories, Hercules, Calif.) and a linearly ramped pulse time of 5 to 50 s.
Bacterial growth and DNA preparation for IS3 PCR. Strains were grown overnight at 37°C on Trypticase soy agar plates with 5% sheep blood. One to three colonies were picked and suspended in 100 l of 10% (wt/vol) Chelex 100 (Bio-Rad) in a 1.5-ml microcentrifuge tube. Following heating at 100°C for 15 min, the tube was centrifuged at maximum speed for 2 min and the supernatant was carefully removed to avoid the Chelex-cell pellet. The DNA concentration in the supernatant was determined by measuring the A 260 and, if necessary, was adjusted to 100 ng/l. IS3 PCR subtyping. Two 25-l PCR mixtures were prepared for each isolate: one containing primer IS3A and one containing primers IS3A and IS3B. The sequences and locations of the primers in IS3 (16) are depicted in Fig. 1 . For PCR in 0.2-ml thin-walled tubes, 200 ng (2 l) of DNA was added to 23 l of a PCR master mixture containing 10 mM Tris (pH 8.3), 50 mM KCl (1ϫ PCR Buffer II; Perkin-Elmer, Norwalk, Conn.), a 400 M concentration of each of dATP, dCTP, dGTP, and dTTP, 3 mM MgCl 2 , 1 U of AmpliTaq Gold DNA polymerase (Perkin-Elmer), and either primer IS3A at 6 M or primers IS3A and IS3B each at 3 M. A Perkin-Elmer TC9600 thermal cycler was used for amplification. The amplification program consisted of an initial denaturation at 94°C for 5 min; 50 cycles of 94°C for 1 min, 35°C for 1 min, and 72°C for 2 min; and a final 7-min extension at 72°C. The amplification products were analyzed by electrophoresis in 1.5% agarose gels and were detected by ethidium bromide staining.
Interpretation of IS3 PCR patterns. The isolates were considered different if there were one or more differences in band positions.
RESULTS
Optimization of IS3 PCR. The primers and deoxynucleoside triphosphates were titrated to determine the concentrations that yielded (i) the most PCR product and (ii) variable banding patterns among different isolates (data not shown). In reactions with primer pair IS3A-IS3B, AmpliTaq Gold DNA polymerase yielded more PCR product than amplification with standard AmpliTaq, with minor changes in the DNA banding patterns being found (data not shown). The banding pattern differences did not change the final subtyping results for the four isolates tested. Negative control reactions containing water in place of DNA occasionally contained one to four spurious DNA bands which usually did not comigrate with E. coli bands. The banding patterns for the negative controls were variable. Comparison of annealing temperatures of 35 and 58°C showed that except for some differences, primarily with bands larger than 600 bp, the banding patterns of the PCR products were quite similar in tests at both temperatures (data not shown). This suggests that at 35°C primer annealing is largely sequence specific and not random. The melting temperatures for primers IS3A and IS3B, are 63.2 and 65.1°C, respectively. Overall, the intensities of the DNA bands were substantially greater when the 35°C annealing temperature was used. The final subtyping results for the four isolates tested were the same at both annealing temperatures. The higher annealing temperature virtually eliminated DNA bands occasionally observed for the negative controls. Reproducibility of IS3 PCR. DNA extracted from two isolates was subjected to three separate amplifications on different days with the same thermal cycler. Amplification was performed with primer pair IS3A-IS3B and with primer IS3A alone. The banding patterns of the PCR products were identical among the three amplifications for both isolates tested with both primer configurations (data not shown). To examine the between-subculture reproducibility of the IS3 PCR method, DNA from three consecutive subcultures of two isolates was extracted after overnight growth. DNA extracts from all subcultures were stored at Ϫ20°C and were then amplified at the same time by using both primer configurations. The banding patterns of the PCR products were identical among all subcultures.
Analysis of E. coli O157:H7 isolates by IS3 PCR. To determine the ability of the IS3 PCR to distinguish between isolates from unrelated outbreaks and to group epidemiologically related isolates, we examined a panel (panel 1) consisting of 14 patient isolates from five different outbreaks and six random isolates (Table 1) . PFGE identified 11 different strains (difference of one or more bands). The PFGE results were consistent with the epidemiologic data. PCR with primer IS3 identified five strains (Table 1 ; Fig. 2A ). Isolates from several outbreaks were classified as subtype H, and four of the six random isolates as well as the isolate from a restaurant were classified as subtype C. PCR with primer pair IS3A-IS3B was more discriminatory, identifying 10 strains (Table 1; Fig. 2B ). There were two discrepancies between the PCR and the PFGE results. First, isolates 2322, 2324, and 2325, which were epidemiologically related, were all classified as subtype 4 by PFGE. However, with both the IS3A and the IS3A-IS3B primer configurations, isolate 2322 produced PCR banding patterns distinct from those generated by isolates 2324 and 2325. Repeat PFGE at the State Hygienic Laboratory showed several apparent band differences between the pattern produced by isolate 2322 and the pattern produced by isolates 2324 and 2325 (data not shown). Second, IS3 PCR was unable to differentiate the West Coast apple juice strain (PFGE subtype 3) from the Connecticut apple cider strain (PFGE subtype 4).
To further test the discriminatory power of the IS3 PCR, a second panel (panel 2) consisting of 15 patient isolates, only 2 of which were epidemiologically related, was examined. PFGE identified 15 different strains (Table 1) . Two isolates from the same outbreak, 0672 and 0706, had different PFGE patterns. PCR with primer IS3A identified five strains (Fig. 3A) . Nine of the isolates were IS3A subtype C. PCR with primer pair IS3A-IS3B identified eight strains (Fig. 3B) . By combining the PCR results from both primer configurations (tandem PCR), nine strains were identified. Isolates 0672 and 0706 were identical by IS3 PCR.
DISCUSSION
Bacterial subtyping results should be able to distinguish epidemiologically unrelated strains and show that commonsource strains are the same. Additionally, subtyping results must be reproducible. A sensitive but irreproducible method has little utility. However, a reproducible method that is slightly less sensitive may be useful as an adjunct to a more sensitive method if it allows the fast and easy screening of large numbers of isolates. Such a method may serve to rapidly group isolates into clusters, eliminating the need to analyze unrelated isolates by more sensitive, labor-intensive methods. It may also allow investigators to rapidly and easily determine whether an increased rate of E. coli O157:H7 isolations is due to an outbreak or a temporal clustering of sporadic cases. On the basis of our observations, the IS3 PCR subtyping method described here could serve as a rapid means for identifying unrelated E. coli O157:H7 strains, with further testing of isolates with the same IS3 PCR pattern being done by methods such as PFGE. IS3 PCR may not be sufficiently sensitive to be used as a standalone subtyping method for E. coli O157:H7. The 35 patient isolates analyzed in this study represented 24 different known sources and were grouped into 25 strains by PFGE, 14 strains by IS3A-IS3B PCR, and 15 strains by tandem IS3 PCR (combined results of separate amplifications with primer IS3A and with IS3A-IS3B primer pair). Isolates that differed by one or more bands by PFGE were considered to be unrelated strains. While Tenover et al. (15) have suggested that seven or more band differences by PFGE are required to classify bacterial isolates as unrelated, Barrett et al. (2) claim that this criterion may be too restrictive for the highly clonal E. coli O157:H7 organism and that isolates with PFGE patterns that differ by a single band are often not related. In this study, isolates 0672 and 0706, which were epidemiologically linked, were considered to be unrelated by PFGE (three band differences). They had identical PCR patterns. However, it should be noted that five additional, unrelated isolates also had the same PCR pattern.
The PCR method described here uses primers that were previously used to amplify a large portion of the IS3 element (14) . We reversed the orientation of the primers so that DNA sequences located between the IS3 copies would be amplified. While some E. coli isolates have been shown to lack IS3 (14) , all E. coli O157:H7 strains tested to date (approximately 100) generated at least six bands by the IS3 PCR method. As has been described for other PCR-based subtyping methods that target specific repeated elements (12) , it is possible that the IS3 primers anneal to sequences other than IS3. We have not sequenced the IS3 PCR products to determine this. The observation that the PCR banding patterns obtained with the IS3A-IS3B primer pair were quite similar at annealing temperatures of both 35 and 58°C indicates that primer annealing is largely sequence specific rather than random. Most importantly, by using the conditions described here, the IS3 PCR method is reproducible between amplifications. Further interlaboratory reproducibility studies are warranted.
PCR optimization experiments showed high product yield over relatively wide ranges of primer and deoxynucleoside triphosphate concentrations (data not shown). We used concentrations (as described in the Materials and Methods section) that were well within these ranges to avoid potential variability in the intensities of the DNA bands. Under otherwise identical amplification conditions, AmpliTaq Gold DNA polymerase was found to generate substantially more PCR product than standard AmpliTaq and several additional DNA bands. The final strain designations were the same with either DNA polymerase. AmpliTaq Gold is a modified form of DNA polymerase that requires heat for activation. According to the manufacturer, PCR mixtures containing AmpliTaq Gold usually generate fewer spurious DNA bands and more intense specific bands because at room temperature there is no extension of primers that bind to nonspecific sequences prior to the initial denaturation step of thermal cycling. However, this does not appear to explain the greater product yield that we observed with AmpliTaq Gold, since we were unable to detect the disappearance or reduction in the intensity of any bands, including low-molecular-weight bands that usually represent primer artifacts. Rather, it appears that the overall efficiency of AmpliTaq Gold is greater than that of standard AmpliTaq DNA polymerase in this assay.
In summary, IS3 PCR subtyped E. coli O157:H7 isolates with moderate sensitivity. To our knowledge, this is the first report of the application of a PCR-based subtyping method that targets a specific DNA sequence for the identification of E. coli O157:H7 strains. IS3 PCR is a simple, rapid, and reproducible method that could be used to screen E. coli O157:H7 solates. Isolates with identical IS3 PCR banding patterns should be further analyzed by PFGE.
